Concrete specimens were exposed to weekly cycles of wetting and drying in distilled water and in solutions of sodium chloride, calcium chloride, magnesium chloride, and calcium magnesium acetate with either a 6.04 molal ion concentration, equivalent in ion concentration to a 15% solution of NaCl, or a 1.06 molal ion concentration, equivalent in ion concentration to a 3% solution of NaCl, for periods of up to 95 weeks. Specimens were also exposed to air only.
INTRODUCTION
The application of deicing chemicals can result in the deterioration of concrete roads and bridges by causing scaling when the concrete is subjected to cycles of freezing and thawing.
Deicing chemicals can also cause concrete to deteriorate as the result of physical and chemical effects that occur whether or not the deicers cause significant scaling damage. Studies (Verbek and Kleiger 1957, Marchand et al. 1999) have demonstrated that sodium chloride and calcium chloride, the two principle deicing chemicals, cause maximum scaling under freeze-thaw conditions at concentrations in water between 2 and 4% by weight, with NaCl having the greater effect. Concentrations outside of this range, both lower and higher, have less effect on scaling. In contrast, studies of concrete deterioration caused by cycles of wetting and drying show that deterioration increases with an increasing concentration of the solution (Cody et al. 1996) . The latter observations have important implications because high concentration solutions are often used for deicing and because the concentrated deicers will build up in concrete over time.
One drawback in studies of the effects of wetting and drying with deicers is that comparisons are typically made using solutions that have either an equal weight of deicing chemical or an equal molar concentration (equal number of molecules for a given volume of solution) (Cody et al. 1996 , Lee et al. 2000 . The problem with this approach is that the ice melting capability of a deicer is more closely related to the number of ions in a given quantity of water than to either the weight or molar concentration. For example, at the same molar concentration, CaCl 2 will have 50% more ions in solution than NaCl. The test procedures used in this study account for the number of ions produced when a deicer goes into solution.
A number of different test procedures have been used to evaluate the effects of wetting and drying. These have included cycles at room temperature, cycles at elevated temperatures, as high as 58°C (135°F), and wetting and drying cycles that include changes in temperature during both the wet and dry cycles. Specimens are usually evaluated based on physical changes at the macroscopic and microscopic level, as well as chemical changes that are observed using petrographic analysis, scanning electron microscopy, and x-ray microanalysis.
Previous studies (Cody et al. 1996 , Taylor 1997 , Lee et al. 2000 , Sutter et al. 2006 ) have indicated that deicers can affect the chemistry of hardened cement paste. Chloride solutions tend to cause the formation of calcium chloride hydrate and calcium oxychloride, while magnesium chloride, in particular, results in the conversion of calcium silicate hydrate to non-cementitious magnesium silicate hydrate. In mixtures of calcium and magnesium acetate (CMA), magnesium acetate has been shown to cause the most severe damage, due to the formation of magnesium silicate hydrate, with little negative effect demonstrated by calcium acetate (Lee et al. 2000) .
The effects of CMA on concrete have been observed in on-going corrosion research at the University of Kansas, with molal ion concentrations (based on the number of ions for a given quantity of water) equivalent to a 15% sodium chloride solution causing severe damage, not only to the concrete in corrosion specimens, but also to the adjacent concrete floor. CMA solutions with molal ion concentrations equivalent to a 3% sodium chloride solution have resulted in much less damage.
This report describes the results of a study in which the effects of four deicers, sodium chloride, calcium chloride, magnesium chloride, and calcium magnesium acetate, on concrete are compared using a technique that combines exposure procedures that were originally developed to allow deicing chemicals to rapidly penetrate concrete corrosion specimens with techniques that are used to evaluate the physical effects of cyclic freezing and thawing on concrete.
EXPERIMENTAL STUDY

Materials
In the study, the effects on concrete of cyclic wetting and drying with solutions containing sodium chloride (NaCl), calcium chloride (CaCl 2 ), magnesium chloride (MgCl 2 ), and calcium magnesium acetate (CMA) (4:6 molar ratio of calcium acetate to magnesium acetate) are evaluated. The study also includes control specimens that are exposed to air or to distilled water throughout the test period. Two concentrations are tested for each deicing chemical, a 6.04 molal ion concentration, equivalent in ion concentration to a 15% solution of NaCl, and a 1.06 molal ion concentration, equivalent to a 3% solution of NaCl. The compositions of the solutions are shown in Table 1 . The concrete mixture used in the study contained Type I/II portland cement and had a water cement ratio of 0.45 and an air content of 6 percent. Mix proportions and aggregate properties are shown in Table 2 .
Prismatic test specimens [3 in. an amplitude of 0.006 in. (0.15 mm) and a frequency of 60 Hz. The upper surface of the specimens is finished using a wooden float.
After casting, the specimens are covered with plastic, cured for 24 hours at room temperature, and then removed from the molds and cured in lime-saturated water at 73 ± 3°F (23 ± 1.7°C) for six days. After six days, the specimens are removed from the curing tank and allowed to dry at a temperature of 73 ± 3°F (23 ± 1.7°C) and a relative humidity of 50% ± 4% for 48 days.
The control specimens were cast separately from those exposed to deicers. For the specimens exposed to air, specimens 1 through 4 were cast in one batch and specimens 5 and 6 in another. For the specimens exposed to distilled water, specimens 1 and 2 were cast in one batch and specimens 3 through 6 in another. To limit variations in performance that might occur due to differences in concrete properties, the specimens exposed to deicers were cast in groups of four, eight, or 16 specimens, with equal numbers of specimens from each batch exposed to one of the four deicers. For the 6.04 molal ion deicer concentrations, specimens 1 and 2 were cast in batches of four, while specimens 3 through 16 were cast in a single batch of 16. For the 1.06 molal ion deicer concentrations, specimens 1 and 2, 3 and 4, and 5 and 6 were cast in batches of eight.
Test Procedure
The test procedure involves wet/dry exposure similar to that used for Southern Exposure corrosion test specimens (McDonald et al., 1998 , Darwin et al. 2007a , 2007b , while the effect of the cycles is evaluated by measuring changes in the dynamic modulus of elasticity in accordance to the ASTM C 215, as used for freeze-thaw specimens in ASTM C 666.
Six specimens are used for each of the solutions shown in Table 1 , along with six specimens each in air and distilled water. The specimens are submerged in the solutions (or distilled water) for four days at a temperature of 73 ± 4°F (23 ± 2°C). After four days, they are removed from the solution and dried in air at a temperature of 100 ± 3°F (38 ± 1.7°C) for three days under a portable heating tent. The deicer solutions and distilled water are replaced every five weeks. Specimens exposed to air are subjected to the temperature cycles. Cycles are repeated for up to a maximum of 95 weeks. Based on chloride concentrations obtained at a depth of 1 in. (25 mm) in the corrosion specimens (Ji et al. 2005 , Darwin et al. 2007b ) and on bridge decks (Lindquist et al. 2006 ), exposure to cyclic wetting and drying using this regimen simulates 10 years of exposure for bridge decks within the first 30 weeks and 30 years within the 95-week maximum duration of the test.
The fundamental transverse resonance frequency of each specimen is measured at the initiation of the tests and every five weeks thereafter (after the three-day drying period) using the procedures described in ASTM C 215. The dynamic modulus of elasticity (Dynamic E) can be calculated based on the fundamental transverse frequency, the mass, and dimensions of the test specimens [Equation (1) may be obtained from Table 1 in ASTM C 215.
The masses M of specimens 3 through 6 exposed to the 6.04 molal ion deicer concentrations were not measured. For the calculation in Eq. (1), M for these specimens is replaced by a value calculated using the dimensions of the specimens and the average density of the 24 specimens subjected to the 1.06 molal ion deicer concentrations.
A total of 60 specimens were subjected to cycles of wetting and drying, temperature change, or both. As noted above, these included six specimens subjected to the same temperature history as the others while remaining in air throughout the test period. Changes in concrete properties are evaluated based on the ratio of the dynamic modulus of elasticity at the given number of cycles to the dynamic modulus of elasticity at the initiation of the wet/dry cycles. This ratio is referred to as the relative dynamic modulus of elasticity (wet-dry), or P w/d , to distinguish it from the value of P obtained using ASTM C 666 for specimens subjected to cycles of freezing and thawing. Wet/dry cycles continue for a total of 95 weeks or until the P w/d drops below 0.9, at which point the tests are terminated.
TEST RESULTS
The moduli of elasticity of the specimens are tabulated in Appendix A (Tables A.1 through A.10). The tables include the individual values, along with the average, standard deviation, and coefficient of variation for specimens of each type at five week intervals. The average values are used to calculate P w/d . The consistency of the procedure is supported by the low coefficients of variation, which are generally at or below 4% except for specimens undergoing significant damage. The latter specimens exhibit coefficients of variation between 7.5 and 10% for values of P w/d below 0.9. The average relative dynamic moduli of elasticity (wet-dry) are presented in Fig. 1 and 2 , which show the values of P w/d for specimens exposed to 6.04 and 1.06 molal ion concentration deicer solutions, respectively. The figures also include the results for specimens subjected to wet/dry temperature cycles in distilled water and temperature cycles in air.
Control Specimens
The specimens subjected to wet/dry cycles with distilled water exhibited an increase in NaCl CMA Fig. 1 Relative dynamic modulus of elasticity (wet-dry) P w/d versus number of weekly wet-dry cycles for specimens exposed to 6.04 molal ion concentration deicer solutions Fig. 2 Relative dynamic modulus of elasticity (wet-dry) P w/d versus number of weekly wet-dry cycles for specimens exposed to 1.06 molal ion concentration deicer solutions
High Concentration of Deicers
As shown in Fig. 1 , the specimens exposed to the high concentrations of calcium chloride (CaCl 2 ) and magnesium chloride (MgCl 2 ) deteriorated rapidly, with the P w/d dropping below 0.9 by week 10. The specimens exposed to calcium magnesium acetate (CMA) deteriorated more slowly, with the P w/d dropping below 0.9 by week 55; in this case, the wet/dry cycles were continued for another five weeks. The concrete subjected to the high concentration NaCl solution exhibited a rise in the P w/d through week 30, to 1.14, likely due to the absorption of water and perhaps the formation of salt crystals, which filled some of the pore space within the cement paste, followed by a gradual drop to a value of 1.04 at week 95, indicating damage, also likely due to salt crystal formation (see Visual Evaluation).
Low Concentration of Deicers
As shown in Fig. 2 , the use of lower concentrations of deicers reduced the negative effects of all four deicers compared to that obtained at the high concentration, in some cases significantly. During the early weeks of the tests, all specimens submerged in the lower concentration deicer solutions exhibited an increase P w/d , as described for the specimens exposed to distilled water. The specimens exposed to CaCl 2 and NaCl exhibited the greatest increase,
with peak values of P w/d of 1.11. After week 45, P w/d for these specimens began to drop very slowly, indicating some damage, reaching a value of 1.07 at week 95. P w/d of 1.07 is higher than that observed for the higher concentration solutions (0.86 at week 10 for CaCl 2 and 1.04 at week 95 for NaCl). The peak value of P w/d for the high concentration NaCl specimens (1.14) was slightly higher than the value observed at the lower concentration (1.11). The difference may be due to the effects of increased crystallization within the pores for the specimens exposed to the higher concentration solution. 
Visual Evaluation
The specimens were evaluated for physical damage and photographs were taken at the conclusion of the tests. The appearance of the specimens is largely in agreement with the performance represented in Fig. 1 and 2.
Specimens subjected to temperature cycles in air (not shown) and wet-dry cycles in distilled water or in 1.06 molal ion concentration NaCl and CaCl 2 solutions (Fig. 3, 4 and 5, respectively) show few signs of damage. The only apparent change is a slight discoloration of the CaCl 2 specimens (Fig. 5) . In contrast to the NaCl and CaCl 2 specimens, the specimens subjected to MgCl 2 and CMA exhibit signs of damage, as shown in Fig. 6 and 7, respectively. The MgCl 2 specimens (Fig. 6 ) were subjected to wet-dry cycles for 80 weeks, after which the test was terminated because the modulus of elasticity had dropped below 90% of its initial value. The CMA specimen (Fig. 7) completed 95 weeks of wet-dry cycling.
All of the specimens subjected to the 6.04 molal ion concentration solutions exhibited damage at the conclusion of the test. Of these specimens, only the specimens in the NaCl solution lasted for the full 95 weeks. As shown in Fig. 8 , the NaCl specimens exhibited some surface scaling, likely the result of crystal growth in the concrete pores. The specimens subjected to 6.04 molal ion concentration CaCl 2 and MgCl 2 solutions ( Fig. 9 and 10 ) exhibited the greatest degree of damage, with a loss of material from the ends and edges of the specimens, as well as some delamination. As suggested in earlier studies (Cody et al. 1996 , Taylor 1997 , Lee et al. 2000 , Sutter et al. 2006 , the damage to the CaCl 2 and MgCl 2 specimens appears to be the result of both physical damage due to crystal formation in the concrete pores and chemical changes in the cement paste. The CaCl 2 and MgCl 2 specimens also exhibited the greatest reduction in modulus of elasticity, with the tests terminating at 10 weeks, as shown in Fig. 1 . The specimens subjected to the 6.04 molal ion concentration CMA solution (Fig. 11 ) exhibited a nearly uniform loss of material on all exposed surfaces -a change that appears to result primarily from chemical changes in the cement paste (Lee et al. 2000) . The relative dynamic modulus of these specimens dropped below 1.0 at week 55 (Fig. 1) .
Overall, the results of this study, as represented by the measured changes in modulus of elasticity and observable damage to the test specimens, indicate that calcium chloride, magnesium chloride, and calcium magnesium acetate have a negative impact on the long-term durability of concrete. As shown in Fig. 2, 7 , and 8, the effects of magnesium chloride and CMA should become apparent at an earlier age than the effects of calcium chloride (Fig. 6 ). In the longer-term, all three deicers will significantly weaken concrete (Fig. 1, 9-11 ). Sodium chloride, the most widely used deicer in U.S. practice, has a more benign impact in both the short and long term.
SUMMARY AND CONCLUSIONS
Concrete specimens were exposed to weekly Southern Exposure-type cycles of wetting and drying in distilled water and in solutions of sodium chloride, calcium chloride, magnesium chloride, and calcium magnesium acetate with either a 6.04 molal ion concentration, equivalent in ion concentration to a 15% solution of NaCl, or a 1.06 molal ion concentration, equivalent in ion concentration to a 3% solution of NaCl, for periods of up to 95 weeks. Specimens were also exposed to air only. The effects of exposure were evaluated based on changes in the dynamic modulus of elasticity and the physical appearance of the specimens at the conclusion of the tests.
The following conclusions are based on the tests and analyses presented in this report.
1. Concretes exposed to distilled water and air show, respectively, an increase and a decrease in dynamic modulus of elasticity, due principally to changes in moisture content. Overall, no negative impact on concrete properties is observed.
2. At lower concentrations, sodium chloride and calcium chloride have a relatively small negative impact on the properties of concrete. At high concentrations, sodium chloride has a greater but still relatively small negative effect. Damage appears to be primarily due to the effects of crystal growth within concrete pores.
3. At low concentrations, magnesium chloride and calcium magnesium acetate can cause measurable damage to concrete.
4. At high concentrations, calcium chloride, magnesium chloride, and calcium magnesium acetate cause significant changes in concrete that result in loss of material and a reduction in stiffness and strength. The damage caused by calcium chloride and magnesium chloride appears to be the result of both physical damage, due to crystal formation in the concrete pores, and chemical changes in the cement paste. The damage caused by calcium magnesium acetate appears to be primarily caused by chemical changes in the cement paste.
5. The application of significant quantities of calcium chloride, magnesium chloride, and calcium magnesium acetate over the life of a structure or pavement will negatively impact the long-term durability of concrete. 
